Evidence of the release of certain metallic fission products through intact tristructural isotropic (TRISO) particles has been seen for decades around the world, as well as in the recent AGR-1 experiment at the Idaho National Laboratory (INL). However, understanding the basic mechanism of transport is still lacking. This understanding is important because the TRISO coating is part of the high temperature gas-cooled reactor functional containment and critical for the safety strategy for licensing purposes.
Introduction
Evidence of the release of certain metallic fission products e.g. Ag and Pd, through intact tristructural isotropic (TRISO) particles has been seen for decades around the world, as well as in the recent AGR-1 experiment at Idaho National Laboratory (INL) [1; 2] . The TRISO coating is part of the high temperature gas-cooled reactor functional containment and critical for the safety strategy for licensing purposes. This enhances the importance of identifying the metallic fission product release (transport) mechanisms through these containment layers. Specifically understanding the transport mechanism of 110m Ag is of importance as the release of 110m Ag is a potential worker safety concern due to plate-out on the cooler metallic parts of the helium pressure boundary. This plate-out of 110m Ag can pose a potential risk for maintenance personnel. Although silver releases were measured outside the TRISO coated particles during post irradiation examination (PIE) during the German AVR program, and later similar programs including the recent AGR-1 experiment at INL [1; 2;], no silver was identified in the SiC layer, which is the main barrier for fission products, of irradiated fuel.
Numerous mechanisms for such Ag transport during neutron irradiation were derived from reactor experimentation release data, out-of-pile experimentation under simulated conditions and empirical studies studies over the past 38 years [3; 4] Furthermore, individual studies and results have supported a variety of possible 110m Ag transport mechanisms that may also occur in TRISO fuel under neutron irradiation. Grain boundary diffusion has been suggested and discussed as a possible transport mechanism in neutron irradiated TRISO coated particles as early as 1975 by Nabielek et al., [5] . More recent out-of-pile experimental on SiC and computational work also indicated that Ag transports via grain boundary diffusion under their specific experimental conditions [6] [7] [8] [9] [10] . Experimental evidence by Lopez-Honorato, et al., [8] using scanning electron microscopy; indicated that silver accumulated at grain boundaries in unirradiated SiC layers of a simulated TRISO coated particle experiment. They concluded that silver diffusion was strongly affected by grain boundary diffusion. Although consideration was given in their studies to bulk movement and that nucleation of Ag occurred at grain boundaries only during cooling, bulk diffusion was ruled out based on theoretical work by Chen et al., [11] . This work did not support the hypothesis of silver transport through nano cracks as previously suggested by MacClean [12] . Furthermore, bulk diffusion has also been shown computationally to be many orders of magnitude smaller than grain boundary diffusion [9; 10] . These results on unirradiated SiC are insightful but suffer from important differences relative to irradiated TRISO particles: (a) the concentration of Ag used in the experiments is much greater than that expected in an actual TRISO particle, (b) unirriadiated specimens, or ion versus neutron irradiation are used in many cases, and (c) differences in fabrication process condition of the SiC used for experimental out-of-pile studies. For example, at the low concentrations of Ag anticipated in a TRISO particle, others have argued that the mechanism of vapor transport may be more applicable [3; 12] .
In order to evaluate the applicability and significance of these out-of-pile transport mechanisms, as well as transport mechanisms unique to neutron irradiation such as enhanced bulk diffusion due to neutron irradiation-induced defects, the full characterization of microstructural and composition information, and specifically the identification of Ag in the SiC layer of actual irradiated TRISO coated particles, needs to be obtained for irradiated TRISO fuel. Thus, there is a need to examine the behavior of Ag in irradiated TRISO particles to help improve our understanding of the transport behavior of Ag in TRISO particles.
The initial electron microscopic examination on the INL AGR-1 coated particles using scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), wavelength dispersive spectroscopy (WDS), and transmission electron microscopy (TEM) attempted to identify silver in fission-product precipitates. Although evidence of fission product precipitates were found in the SiC on SiC grain boundaries and IPyC layers, no silver was conclusively identified [13] . It was speculated that Ag would be able to substitute for Pd in a U(Ag,Pd) 2 Si 2 solid solution rather than forming a separate phase since they have identical atomic radii (both 0.144 nm for the pure elements [14] ). Additionally, nanosized voids aligned at the grain boundaries have been found in the vicinity of a fission product precipitate [14] . Investigations are in progress to determine a possible link to fission product transport. This, therefore, highlighted the important need for identifying silver in the irradiated SiC layer of a TRISO coated particle and to provide more detailed quantification and identification of the fission product precipitates found during the initial examination.
Palladium is also a metallic fission product of great interest in TRISO fuel. Past studies have shown that Pd can corrode SiC [15] [16] [17] and it has been postulated to be a potential failure mechanism at high burnup in low-enriched TRISO fuels when temperatures exceed 1100°C. Characterization studies by Barrachin et al., [15] on HFR-EU1bis experiments on UO 2 TRISO fuel (10.2% FIMA, calculated pebble centre temperature of 1250°C) found that Pd is specifically present in the inner pyrocarbon layer at the inside of the SiC layer, but no Pd is mentioned in the SiC layer itself. Neethling et al. [18] showed that Ag transport in SiC took place when present at the SiC surface as a AgPd mixture. No penetration of the SiC layer was found in the absence of Pd. Results of this study (and others [17] ) indicate Pd reacts with Si to form Pd 2 Si and graphite regions form due to the carbon remaining (re-precipitated) after the formation of the silicides. These studies further showed significant Pd corrosion on the SiC-PyC interface. However, in the AGR-1 experiment, no significant Pd corrosion is observed [13] . The Pd and Ag concentrations used in these out-of-pile research studies, are order of magnitude larger than in the actual TRISO coated particles, which could contributed to the different corrosion behaviour observed compared to those of the AGR-1 experiment. Our understanding of its behavior in UCO TRISO fuel is also incomplete and is therefore further explored in this study. This paper reports the results utilizing scanning transmission electron microscopy (STEM), STEM-EDS, electron energy loss spectroscopy (EELS) and energy filtered transmission electron microscopy (EFTEM) obtained from a selected irradiated TRISO fuel particle. These STEM, EELS and EFTEM investigations are first-of-a-kind for irradiated TRISO coated particles and more details on the choice of these techniques, are provided in section 2.2. Since the main focus of this publication is the identification and quantification of the elemental composition of fission products; specifically the identification of Ag in irradiated SiC, the grain boundary characteristics of the SiC layer of the irradiated baseline fuel are not included and will be discussed in a separate publication. However, this work provides new evidence at both the micrometer and nanometer scale that will help improve the understanding of Ag and Pd transport behavior in irradiated TRISO fuel. This paper also provides the first direct evidence of Ag in a neutron irradiated SiC layer of TRISO coated particles under VHTR reactor conditions.
Material and methods

Material
Because of the importance of silver behavior in TRISO fuel, specific particles were chosen for analysis as part of this study based on the degree of silver retention exhibited during irradiation. Individual particles from selected deconsolidated compacts were gamma counted to measure the activity of various gamma-emitting fission products [2] . The initial results of the advanced electron microscopic examination of selected coated particles from Compact 6-3-2 from Capsule 6 are presented in this paper. Compact 6-3-2 contains baseline fuel fabricated with coating process conditions similar to those used to fabricate historic German fuel because of its excellent irradiation performance with UO 2 kernels. The AGR-1 fuel is, however, made of low-enriched UCO (uranium oxycarbide). Kernel diameters are approximately 350 µm with a U-235 enrichment of approximately 19.7%. Selected properties for the baseline AGR-1 coated particles are shown in Table 1 [19] . The retention of 110m Ag in each particle is estimated by comparing the measured inventory to the predicted inventory normalized by the relative Cs-137 activity to reduce the influence of different kernel sizes on the overall distribution (please see [2] for detail). The measured-to-calculated ratio for 60 gamma counted particles from Compact 6-3-2 ranged from 0.075 to 0.882. Coated particle AGR1-632-035 was selected because it exhibited a higher than average retention of 110m Ag under irradiation compared to other particles from the same compact, in the hope that enough Ag would be present to be identified using these advanced microscopic characterization techniques. The measured-tocalculated 110m Ag ratio for particle AGR1-632-035 was 0.787.
Methods
The coating layers on the high temperature gas-cooled reactor fuel consist of relatively light elements such as carbon and silicon. The fission products produced during irradiation consists of relatively heavy elements which migrated into these coatings. High Angle Annular Dark Field (HAADF) detector is best suited for characterization studies, easily differentiating between the pyrolytic graphite and SiC coatings as well as revealing the distribution of fission products. The HAADF detector in the scanning transmission electron microscopy (STEM) mode discriminates only differences in atomic number (so-called Z-contrast imaging). This mode is most useful in the identification of small precipitates for further compositional analysis [-20] . Additionally, compositional analysis of small precipitates and second phases using transmission electron microscopy (TEM) with energy dispersive spectroscopy (EDS) requires two main characteristics -namely, a small electron probe (smaller than the feature under analysis) and the collection of an EDS spectrum suitable for quantification of the elements present. Technological advances in state-of-the-art TEMs have made it possible to form extremely small probe sizes. Particularly in the STEM mode, probe sizes around 1 nm or less are possible. In STEM imaging mode, a small electron probe is scanned across the sample and an image of the sample is built up pixel-by-pixel from information collected by the HAADF detector below the sample. Generally, the time to collect an EDS spectrum with a high signal-to-noise ratio increases as the electron probe size decreases. However, when a high brightness, Field Emission Gun (FEG) electron source is used, the EDS spectrum collection time becomes reasonable. The STEM used for the work reported in this paper was conducted with a microscope with a FEG electron source.
In our strategy to identify silver, another analytical tool namely electron energy loss spectroscopy (EELS) is considered. In TEM, some incoming electrons lose energy when they travel through the specimen due to the inelastic interaction with specimen's atoms. EELS analyzes the energy distribution of these scattered electrons and provides quantitative compositional information about the nature of the atoms under illumination by the electron beam. The transmitted electrons can be filtered with respect to energy loss and only those electrons with a specific energy loss, e.g., that associated with Ag can be chosen for imaging. In essence, these filtered electrons, with a selected energy loss, form an elemental map in the imaging mode (EFTEM). EELS analysis is considered important for TRISO fuel research because of the specific resolution of elements of interest. In EELS analysis, the chemical sensitivity and the size of resolvable feature could be at 1% and smaller than 1 nm, respectively. Moreover, Pd, Ag and U have close but separable edge energies in an EELS spectrum, which suggests that trace amounts of Ag in the studied sample should be able to be detected using the EELS technique. EELS/EFTEM requires thin TEM specimens.
The STEM and EELS analyses were conducted with a FEI Tecnai G2 F30 STEM at the Microscopy and Characterization Suite (MaCS), Center for Advanced Energy Studies (CAES) at INL, where low activity irradiated materials can be examined. The thin, focused ion beam (FIB)-prepared lamellas minimized irradiation dose to a level that enable us to use these advanced techniques for the irradiated TRISO coated particles. The specimen was prepared at the Electron Microscopy Laboratory (EML) at the Materials and Fuels Complex (MFC) of INL using the dual-beam Quanta 3D FEG FIB (Figure 1 ). For this paper, the results obtained from examining the FIB lamella at position 6b are discussed. This lamella was extracted from a location approximately tangent to the SiC-IPyC interface and contains parts of both the IPyC-and SiC layers as shown in Figure 1c . 
Approach followed for the STEM examination
Three areas were identified for the initial STEM examination: the SiC-IPyC interlayer, a region deeper inside the SiC layer and another region in the IPyC layer further away from the SiC-IPyC interface. During these examinations, attention was given to the precipitates on the outer edge of the SiC-IPyC interface because this is the starting point for the transport of fission products as they move from the IPyC to the SiC. Color-coded numbers shown in Figure 2 are used to indicate the five areas examined at the SiC-IPyC interface (yellow numbers 1 to 5), the one area further in the SiC layer (red number 6) and the one area in the IPyC (green number 7). The investigation focused on identifying the elemental components in the precipitates using EDS line and spot scans, and on determining the physical nature of the precipitates (i.e., inter-or intragranular). 
Results and Discussion
Identification of Silver using STEM-EDS
Silver was identified in specific locations in areas 1 through 4 using the STEM-EDS detector by focusing at the higher energies associated with K level transitions of the fission products. The higher energies allowed us to identify silver in the presence of high levels of palladium, without the interference and overlap problems associated with lower energy x-ray peaks. The palladium and silver Kα1 peaks are separated by approximately 1 keV (21.175 keV vs. 22.162 keV, respectively). (The uranium Lγ1 peak is located at 20.163 keV and also does not overlap the peaks of the fission products). Figure 3 shows the presence of silver along the grain boundary leading up to a micron-sized precipitate in area 1. No silver was found in the micron-sized precipitate in area 1 which was predominantly found to contain Pd, U and Si. The EDS line scan is normalized to the three elements Pd, U and Ag only. More significantly, silver was identified in both the grain boundaries (marked 1 and 2 in Figure 4 ) leading up to the triple junction (marked 3 in Figure 4 ) and in the triple junction itself in the SiC layer near the edge of the IPyC. The EDS spectrum from the center of this triple junction shown in Figure 5a identifies the Ag K peak at 22.162 keV. It is also interesting to note that Cd, at 23.172 keV in Fig. 5a , is observed in this triple junction. (Cd is a metallic fission product as well.) No Pd is however observed in this triple junction although Pd is identified in the SiC matrix adjacent to this triple junction as shown in Figure 5b and Figure 5c from the EDS line scan through this triple junction (marked 3 in Figure 4 ) as well as in the higher magnification of this area shown respectively. Figure 4 , (b) the EDS line scan profile through the triple junction indicating the presence of Ag (Cu is an artifact from the grid holder), and (c) higher maginification of the area 3 in Figure 4 , showing the presence of Pd in the SiC matrix adjacent to this triple junction Area 3 of Figure 2 was also found to contain grain boundaries with significant concentrations of silver. This area contained a high density of triple junctions in somewhat of a curious configuration, Figure 6 . An EDS line scan was performed along the blue line at the triple junction in Figure 6 . The EDS spectra from the point in the line scan with the highest silver content is shown, Figure 7a , while the complete composition profile across the triple junction is shown in Figure 7b . It is evident that silver is present throughout this particular triple junction. However, this was not necessarily the case for all triple junctions in this area. In fact, only four showed significant silver content while three showed no evidence of silver and two others exhibited only possible indications of silver from extremely small Ag EDS peaks, probably due to very low concentrations of Ag. Additionally, Ag-free (or low Ag concentration) triple junctions appear to be connected to Ag-rich triple junctions via grain boundaries and, thus, suggest that grain boundary character may have an influence on silver transport. Transmission Electron Back-Scattered Diffraction (t-EBSD) analysis of the grain and grain boundary orientation relationships is being planned for this and other samples in an effort to understand the effect of grain boundary parameters on fission product transport.
However, the fact that not all the triple junctions contain silver, leads to questions regarding the role of grain boundary type on silver transport and collection at triple points. Does this means for example that triple junctions rich in silver consist of one grain boundary capable of easily transporting silver to the triple junction and two grain boundaries incapable of transporting silver efficiently away from the triple junction, thus resulting in a silver-rich triple junction? Or is it that the Ag-free triple junction does not contain a grain boundary that is capable of transporting silver to the junction while the low-Ag triple junctions may have grain boundaries that transport the silver away from the triple junction at a slightly slower rate than the grain boundary supplying the silver to it? Future research work is needed to answer these questions. If these questions can be answered and future work shows that grain boundaries with varying silver transport capabilities do exist, the silver distribution in Figure 6 could be explained. Additional work to characterize the boundaries is required to further understand the potential role that grain boundary character plays in silver transport.
A fine network of the Pd/Ag containing material is visible on grain boundaries up to approximately 4 μm inside the SiC layer, although this needs to be explored further for maximum depth visibility. It was for example found in the earlier studies [7] that the micron-sized Pd-rich precipitates were visible up to approximately 15 μm into the SiClayer. Figure 6 at the blue line showing the presence of silver and b) the composition profile across the triple junction, normalized to elements U, Ag and Pd only.
Silver was also found in conjunction with coarse palladium precipitates. Figure 8 shows a palladium-and uraniumcontaining precipitate, as indicated by the EDS spectra, Figure 8b , taken from the center of the bright precipitate. The concentration profile in Figure 8c , was obtained from EDS line scan data along the white line shown in Figure  8a , spanning the IPyC/precipitate interface, and, again, normalized to three elements of interest. A small amount of Ag is found only at the interface between the IPyC and the Pd, U-containing precipitate. 
Identification of Silver using EELS and EFTEM
Ag, Pd and U can also be distinguished by using EELS since their edge energies are separated from each other (i.e., Pd M4,5 335 eV, Ag M4,5 367 eV, U N7 381 eV ) [21] . Therefore, EELS was carried out at area 2 ( Figures 2 and 4) where an Ag-rich intergranular phase was found by EDS ( Figure 5 ) to verify the presence of silver and further investigate the Ag behavior. Figure 9a is a zero-loss image of the triple-junction area and the triple junction phase is in darker contrast in this image. A corresponding EELS spectrum in a range from ~ 230 eV to ~ 390 eV within this area is shown in Figure  9b . It can clearly be seen from this spectrum that the Ag M-peak (387 eV) is detected, direct evidence of a Ag-rich phase along the grain boundaries. A very small peak at 340 eV is also observed in the spectrum, which likely corresponds to a Pd M-peak, indicating this area may also contains some amount of Pd, although this needs validation. EFTEM elemental maps of Ag and Si were also obtained at this triple-junction area, as shown in Figures 9c and 9d , respectively. In the EFTEM elemental map, the lighter region corresponds to the elements being analyzed. Therefore, Figure 9c clearly shows the triple-junction phase is Ag-rich; and Figure 9d indicates this triple-junction area is located at the boundary between SiC and IPyC phases. 
Identification of Palladium
EDS analyses were also carried out on and in the vicinity of a large precipitate (area 1 in Figure 2 ) about one-half micron away from the triple-junction area where the Ag-rich phase was detected (Figures 4 and 9) . Figure 10a (Figure 11c and d) reveal that these nano-precipitates are Pd-rich phases. Further work is needed to identify the complete composition and crystal structure of these precipitates.
During STEM observation, irregular shaped precipitates in light contrast and about less than 100 nm size were found inside the IPyC layer ( Figure 12 ). EDS analyses were carried out on these precipitates and the results indicated that they are Pd-U rich phases. No silver was identified in the precipitates examined in the IPyC layer. 
Conclusions
STEM, EELS and EFTEM were used to identify for the first time the physical location and elemental distribution of fission products at the micro-and nano-scale in the SiC and IPyC layers of irradiated TRISO fuel. Additionally, the STEM examination provided evidence of nano-sized silver precipitates at triple-points and grain boundaries in the SiC on the edge of the SiC-IPyC interface up to a depth of approximately 0.5 μm. Cadmium was also found to be present in the triple junctions.
Palladium was identified as the main constituent of the micron-sized precipitates present at the SiC grain boundaries which confirmed the preliminary studies by Van Rooyen et al., [-13] . Additionally spherical nano-sized palladiumrich precipitates were found inside the SiC grains. These nano-sized Pd precipitates were found to be distributed up to a depth of approximately 4 μm away from the SiC-IPyC interlayer. No silver was found in the center of the micronsized fission product precipitates using these techniques, although silver was found on the outer edge of one of the Pd-U-Si containing precipitates which was facing the IPyC layer. Only Pd-U containing precipitates were identified in the IPyC layer and no silver was identified in the IPyC layer.
A fine network of the Pd/Ag containing material is visible on grain boundaries up to approximately 4 μm inside the SiC layer, although this needs to be explored further. It was for example found in the earlier studies [13] that the micron-sized Pd-rich precipitates were visible up to approximately 15 μm from the SiC/IPyC interface.
The identification of silver alongside the grain boundaries and the findings of Pd inside the grains and alongside grain boundaries provide significant knowledge to better understand silver and palladium transport behavior in TRISO fuel, which has been a topic of international research for the past forty years. Understanding the mechanism is important because the TRISO coating is part of the HTGR functional containment.
As silver was identified in the SiC grain boundary structure, investigations following the silver-containing grain boundary networks can lead to more clarity on the silver transport mechanism through the SiC structure. For example, grain and grain boundary character determination between triple points where silver was found can provide information on preferred orientations for silver transport pathways. Additionally, EFTEM maps and detailed EELS analysis on larger (micron-sized) precipitates will provide more compositional detail; while the atom probe analysis will provide 3D elemental maps which will provide information on transport mechanisms.
The transmission electron back scattered diffraction (t-EBSD) technique is being considered for TRISO coated particle research in parallel to EBSD studies on irradiated SiC. This technique may provide advantages not only in decreased sample preparation time, but also in the quality and resolution of results needed when studying fission product transport in irradiated SiC. This will also provide a direct means to measure the grain characteristics at the exact location where fission product precipitates were identified using the STEM, EELS and EDS techniques. Additionally, this will provide the opportunity to use other SEM facilities with higher resolution (higher speed) EBSD cameras to further enhance the quality of images obtained.
